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Abstract - With the increasing penetration of renewable 
power, its reliable and cost-effective production is of more 
and more importance. A filter is normally inserted 
between the grid-connected inverter and the power grid to 
reduce the PWM switching harmonics. According to an 
electro-thermal stress evaluation, the time-to-failure 
distribution of the single LCL filter capacitor is 
investigated in detail. Aiming at the system-level reliability 
analysis, a Weibull distribution based component-level 
individual capacitor can be linked together by using the 
reliability block diagram. A case study of a 2 MW wind 
power converter shows that the lifetime is significantly 
reduced from the individual capacitor to the capacitor 
bank. Besides, the over-excited reactive power injection 
further reduces the lifetime of the LCL filter capacitors. 
I. INTRODUCTION 
Reliability and robustness of the system are closely related 
to its mission profile - the representation of all relevant 
conditions that the system will be exposed to in all of its 
intended application throughout its entire life cycle [1]. Then 
the failure may happen during the violation and overlap of the 
strength and stress distribution, in which the stressor factors 
may appear due to the environmental loads (like thermal, 
mechanical, humidity, etc.), or the functional loads (such as 
user profiles, electrical operation) [2].  
The performance of power capacitor is complicated and 
highly affected by its operation conditions such as the voltage, 
current, frequency, and temperature. Many researchers have 
investigated the degradation of the electrolytic capacitors [3]-
[5]. For instance, a real-time failure detection method is 
developed for the changes in the ESR and capacitance of the 
capacitors [3]. Lifetime prediction models of electrolytic 
capacitors are established for the switch-mode power supplies 
and variable-frequency drivers [4], [5]. However, few studies 
investigate the degradation effect on reliability evaluation 
considering the mission profile [6], and this paper develops 
the approach to evaluate the reliability of the metalized film 
capacitor featured as the filter. Moreover, it is a physics-of-
failure approach [7] from the component-level to system-level 
reliability that integrates the electrical modeling, thermal 
modeling, Weibull distribution, and reliability block diagram. 
This paper addresses the reliability assessment of the 
capacitors in a grid-connected inverter. Section II describes 
the design and failure mechanism of the filter capacitor. 
Reactive power impact on electrical stresses of the filter 
capacitor is presented in Section III. According to the mission 
profile based lifetime estimation of the individual capacitor, 
Section IV investigates and compares the time-to-failure from 
the capacitor cell to the capacitor bank. Finally, the concluding 
remarks are drawn in the last section. 
II. DESIGN OF LCL FILTER CAPACITOR 
As shown in Fig. 1(a), due to lots of switching harmonic 
voltage introduced by the Pulse Width Modulation (PWM) 
inverter, a filter is normally applied in between to mitigate the 
corresponding harmonic current flowing into the grid [8]. 
Since the renewable power generation systems are normally 
installed in remote areas, the PWM inverter is required to 
potentially provide or absorb the reactive power to support the 
grid voltage regulation. The reactive power profile specified in 
the German grid codes is shown in Fig. 1(b) [9], it is noted 
that different amounts of the Over-Excited (OE) and Under-
Excited (UE) reactive power are required along with the 
various active power production. 
As the LCL filter features as higher impedance at 
switching-frequency range compared to the single L filter, it 
generally is a preferred solution used in the grid-connected 
inverter. The design procedure of the LCL filter is well 
described in [10], the inverter-side inductor is selected 
according to the current switching ripple requirement, while 
the grid-side inductor is chosen on the basis of the harmonic 
specification from the IEEE standard. For the filter capacitor, 
it is designed seen from the additional introduced reactive 
power. As larger capacitance causes higher current stress of 
the power device and higher loss dissipation, 5%-10% of the 
absorbed reactive power at the rated operation condition is the 
rule-of-thumb [10]. 
It is well known that various types of the power capacitors 
are used in inverters. Electrolytic capacitors are applied in the 
case of high capacitance per volume (e.g. DC-link 
applications). Due to its low withstand voltage as well as the 
polarity, the metalized film capacitors are used in the grid 
 
 
filter due to the high electric-field stress. Moreover, the 
material of polypropylene (PP) is preferred compared to 
polyethylene terephthalate (PET) because of the much lower 
loss factor. One of the main failure modes is often due to high 
capacitor temperature caused by the high current, which leads 
to a reduction of the breakdown voltage and even melting of 
the capacitor. 
 
Fig. 1. Grid-connected inverter with LCL filter. (a) Configuration; (b) 
Reactive power requirement from German grid codes. 
III. REACTIVE POWER IMPACT ON CAPACITOR ELECTRICAL 
STRESSES 
Based on the modulation scheme of the power converter, 
this section starts to analyze electrical stresses (e.g. the 
flowing current, and across voltage) of the filter capacitor with 
the help of the LCL filter impedance characteristics. In the 
wind power generation, the loading condition and reactive 
current impacts on capacitor electrical stresses are investigated 
and evaluated for the grid-connected power converter. 
A. Electrical stresses of filter capacitor 
To fully utilize the DC-link voltage, the Space Vector 
Modulation (SVM) is normally preferred in the three-phase 
system. As shown in Fig. 2(a), six sectors (Sector I to VI) can 
be divided in accordance with the phase angle of the output 
voltage φu. In the case of the Sector I, the voltage vector Vo is 
generally composed of two adjacent active vectors V1 (100) 
and V2 (110) (with duration periods of T1 and T2 within the 
switching period Ts), as well as two zero vectors V0 (000) and 
V7 (111) (with duration period of T0 within the switching 
period Ts). Both the active and zero vectors are arranged 
symmetrically in order to achieve the minimum harmonics of 
the output voltage [11]. The possible switching patterns of the 
power devices are described in Fig. 2(b) in detail, where the 
active vectors V1 and V2, as well as zero vectors V0 and V7 are  
 
Fig. 2. Illustration of space vector modulation. (a) Six sectors. (b) 
Switching states existed in Sector I. (c) Phase voltage of 
converter output in Sector I. (d) Phase voltage of converter 
output within a fundamental period. 
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applied. Due to the symmetrical loading of the three-phase 
system, the inverter phase voltage Vao is illustrated in Fig. 2(c). 
Depending on various switching states of the power devices, it 
can be seen that the output voltage includes the levels of 
2Vdc/3, Vdc/3, and 0, where the Vdc is the DC-link voltage. By 
using the similar approach, the voltage waveform of the 
inverter output can be expected in the other five sectors, which 
is consisted of three voltage levels within the same sector as 
described in Fig. 2(d). 
Based on the position of the voltage vector, the duty cycle 
of active vectors d1, d2 and zero vector d0 can be calculated in 
the following, 
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where k denotes the section number; M denotes the 
modulation index, which equals the peak value of the inverter 
voltage over the half of the DC-link voltage Vdc (0≤M≤1.15); 
φu denotes the phase angle of the inverter voltage. 
For the LCL filter, it is well known that the majority of the 
harmonic current goes through the capacitor branch, while the 
fundamental current flows into the power grid to achieve high 
power quality. In order to calculate the harmonic components 
of the filter capacitor current and voltage, it is necessary to 
perform the Fourier analysis, which starts with the analysis of 
the converter voltage. For a pulse voltage, the Fourier 
coefficients can be calculated by its starting and ending time 
instants together with its voltage amplitude. Since there are 7 
pulse voltages within a switching period as shown in Fig. 2(c), 
the Fourier coefficients can be simply accumulated from a 
single pulse voltage with the duty cycle as calculated in (1). 
With the information of voltage amplitude in various sectors 
as shown in Fig. 2(d), the Fourier coefficients can further be 
accumulated from a single switching period to the entire 
fundamental period. Thereafter, the harmonic components of 
the converter voltage can be deduced. 
Table I 
PARAMETERS OF 2 MW DFIG SYSTEM 
Rated power 2 MW 
Rated amplitude of phase voltage 563 V 
Grid-side inductor 125 µH 
Converter-side inductor 125 µH 
Filter capacitor 300 µF 
DC-link voltage 1050 V 
Switching frequency 2 kHz 
The relationship between the converter voltage and filter 
capacitor electrical stresses is tightly dependent on the 
characteristics of the LCL filter. With the parameters of the 
LCL filter used in 2 MW Doubly-Fed Induction Generator 
(DFIG) based wind turbine system listed in Table I, the 
transfer functions from the converter voltage to the capacitor 
current and voltage are respectively shown in Fig. 3. In the 
range above the switching frequency (40th order harmonic), 
both the capacitor current and voltage are weaken compared 
with the converter voltage. 
 
Fig. 3. LCL filter characteristic from converter voltage to filter 
capacitor voltage and current. (a) Overview. (b) Zoom-in area 
above switching frequency. 
It is worthwhile to mention that due to the existence of the 
grid voltage and controller of the converter current, the 
relationship between the converter voltage uc and capacitor 
current and voltage does not obey the transfer function as 
shown in Fig. 3. Since the impedance of the filter capacitor Cf 
is significantly higher than the grid-side inductor Lg at the 
fundamental frequency, the fundamental component of the 
converter current ig1 directly flows into the power grid, and the 
harmonic components go through the filter capacitor. 
Consequently, the filter capacitor can be considered as the 
open-circuit as shown in Fig. 4(a). In the case of the super-
synchronous operation, the d-axis component of the grid 
current igd1 becomes negative in order to provide the slip 
power from the induction generator into the power grid. 
Nevertheless, as shown in Fig. 4(b) and (c), the OE and UE 
reactive power injection make the q-axis component of the 
grid current igq1 positive and negative, respectively. As the 
voltage drop across the filter inductor uL1 leads the converter  
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Fig. 4. Relationship between the converter voltage and the filter capacitor electrical stresses in the case of the fundamental frequency. (a) 
Configuration of the LCL filter. (b) Vector diagram of the LCL filter in the case of the over-excited reactive power injection. (c) Vector 
diagram of the LCL filter in the case of the under-excited reactive power injection. 
 
Fig. 5. Reactive power effects on harmonic spectrum of filter capacitor voltage and current at rated wind speed. (a) Converter voltage. (b) 
Capacitor voltage. (c) Capacitor current. 
current 90°, its d-axis component uLd1 is orthogonal to the grid 
voltage ug, while its d-axis component uLd1 is in the same or 
opposite direction with the grid voltage. It can be expected 
that the current reference at the q-axis affects more on the 
amplitude of the converter voltage. Since the voltage drop 
across the converter-side inductor Lc and the grid-side inductor 
is proportional to their inductance, the capacitor voltage can 
thereby be estimated. It is evident that the OE reactive power 
injection keeps the capacitor voltage higher than the power 
grid, while the UE reactive power injection makes the 
capacitor voltage lower than the power grid. 
At the rated power of the DFIG operation, the harmonic 
spectrum of the capacitor voltage and current are shown in Fig. 
5. To analyze the converter voltage, the Fourier coefficient is 
accumulated from a single pulse to the whole fundamental 
period. It can be seen that, apart from the required 
fundamental voltage produced by the controlled grid current, 
the harmonic components of the converter voltage is dominant 
by the harmonic orders around the switching frequency. Then, 
the voltage and current harmonic spectrum of the filter 
capacitor can be investigated based on the aforementioned 
transfer function. In the case of the NOR condition, it can be 
seen the fundamental component of the capacitor voltage is 
similar to the grid voltage, due to the small part of the 
orthogonal voltage drop across the filter capacitor compared to 
the grid voltage. In the case of reactive power operation, it is  
 
Fig. 6. Electrical stresses of LCL filter capacitor with various wind 
speeds. (a) Fundamental component of capacitor voltage. (b) 
Harmonic components of capacitor current.  
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Fig. 7. Harmonic spectrum of filter voltage and current at rated wind speed with unity power factor. (a) Converter voltage. (b) Capacitor voltage. 
(c) Capacitor current. 
noted that the fundamental component of the capacitor voltage 
increases under the OE reactive power but decreases under the 
UE reactive power. Similarly, the OE reactive power injection 
increases the harmonic components of the capacitor voltage, 
while the UE reactive power injection decreases the harmonic 
components of the capacitor voltage. In general, the 
fundamental component is significantly higher than the 
harmonic components in the converter and capacitor voltage. 
Nevertheless, the harmonic spectrum of the capacitor current 
is dominant by the harmonic components as shown in Fig. 5(c). 
In addition, it is evident that harmonic order around 23rd 
harmonic is amplified compared to the converter voltage due 
to the resonant frequency of the LCL filter. 
According to the relationship between the wind speed and 
generator output power [12], together with the reactive power 
profile as shown in Fig. 1(b), the electrical stresses of the filter 
capacitor can be calculated from the cut-in wind speed of 4 
m/s to the rated wind speed of 12 m/s. As the fundamental 
component dominates the capacitor voltage, while the 
harmonic components determine the capacitor current, both of 
them are in focus as shown in Fig. 6. It can be seen that the 
OE reactive power increases the current and voltage stresses, 
while the UE reactive power relieves the electrical stresses 
throughout the whole operation conditions. 
B. Simulation validation 
In order to verify the aforementioned analytical approach 
for the LCL filter capacitor electrical stresses, the capacitor 
voltage and current are investigated in the simulation with the 
focus on reactive power and loading impacts. The control 
strategy of 2 MW DFIG back-to-back power converter is the 
conventional vector control applied under the rotating 
reference frame. 
In the case of the rated power and no reactive power 
injection, the simulated converter voltage, capacitor voltage, 
and capacitor current are shown in Fig. 8. Both the 
fundamental and harmonic components of the converter  
 
Fig. 8. Harmonic spectrum of capacitor voltage and current at various 
operation modes. (a) Impacts of reactive power at the rated 
wind speed. (b) Impacts of wind speeds with unity power factor.  
voltage totally agree with the theoretical analysis, where the 
voltage harmonic components are mostly dominated sideband 
of the PWM switching. Apart from the fundamental and PWM 
switching harmonic component in the capacitor voltage, the 
harmonic components around 23rd order can be observed as 
well due to the resonant frequency of the LCL filter. 
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Moreover, it can be seen that the fundamental component is 
much higher than the PWM switching harmonic. Nevertheless, 
the switching harmonics of the capacitor current is more 
important. 
The reactive power and loading impacts on the electrical 
stresses of the capacitor are shown in the Fig. 9(a) and (b), 
respectively. Regardless of the operation modes, it can be seen 
that the fundamental component dominates the capacitor 
voltage, while the harmonic components determine the 
capacitor current. In addition, it is evident that the 
fundamental component of the capacitor voltage slightly 
increases in the case of the OE reactive power, while it 
decreases a little in the case of the UE reactive power. Besides, 
the loading impacts on the electrical stresses are evaluated in 
the case of the unity power factor. As shown in Fig. 8(b), it 
can be evident that both the voltage and current of the 
capacitor almost keep the same. 
IV.  TIME-TO-FAILURE AND RELIABILITY OF FILTER 
CAPACITOR BANK 
In this section, the lifetime of the individual capacitor can 
be converted into its corresponding time-to-failure. Then, the 
reliability evaluation of the capacitor bank can be analyzed by 
using the reliability block diagram. 
 
Fig. 9. Flowchart to calculate capacitor lifetime from mission profile.   
According to the mission profile of the wind turbine system 
(e.g. wind speed and ambient temperature), the general 
procedure to calculate the lifetime of the capacitors is shown 
in Fig. 9. It can be seen that both the Joule power loss and 
dielectric power loss are taken into account in metalized 
polypropylene film capacitors (MPF-CAP) [13]. The lifetime 
model of the capacitor from the leading manufacturer is 
expressed as [14], 
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Fig. 10. Annual profile comparison at various operation modes. (a) Ambient temperature and wind speed; (b) Power loss profile; (c) Thermal 
stress profile; (d) Accumulated damage.  
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where Lx denotes the hours to failure at the applied voltage Vx 
and operational core temperature Tx, and Lr denotes the hours 
to failure at the rated voltage Vr and upper categorized 
temperature Tr. n1 and n2 are affecting coefficients of the 
voltage and temperature. It is noted that n2 equals 10, and the 
n1 equals 7 for the MPF-CAP [14]. 
With the annual wind speed (Class I) and ambient 
temperature with the sample rate of 1 hour as shown in Fig. 
10(a), the loss profile, thermal profile and the annual 
accumulated damage are shown in Fig. 10(b), (c), (d), 
respectively. It can be seen that the supply of the reactive 
power changes the loss profile, thermal profile, and the 
lifetime expectancy of the LCL filter capacitor. 
 
Fig. 11. Unreliability curve of the single capacitor and the capacitor 
bank. (a) From single capacitor to capacitor bank at normal 
condition; (b) Capacitor bank reliability at normal (NOR), over-
excited (OE), and under-excited (UE) reactive power injection. 
Since the same failure mechanism has the identical failure 
data distribution, the shape parameter of the Weibull 
distribution can be assumed at 5.13 for the MPF-CAP [6]. As 
any failure of the individual capacitor may result in the 
unreliable operation of the capacitor bank, all of the capacitors 
are connected in series in the reliability block diagram. The 
unreliability curve from the single capacitor to the capacitor 
bank is shown in Fig. 11. It can be seen that the B10 lifetime of 
the capacitor bank is significantly reduced due to a large 
amount of the used capacitors, where MPF-CAP bank lifetime 
is with of 22 years under the normal operation. Furthermore, 
the OE reactive power reduces the capacitor bank lifetime, 
while the UE reactive power increases the capacitor bank 
lifetime. 
V. CONCLUSION 
Aiming for the grid-connected inverter used in the 
renewable energy system, a reliability analysis method of the 
LCL filter capacitor is described in this paper. Based on the 
electrical stresses of the filter capacitor at different reactive 
power requirements, the percentile lifetime of the single 
capacitor can be predicted according to annual thermal profile. 
The Weibull function based time-to-failure distribution of the 
single capacitor can further be converted into the filter 
capacitor bank reliability by using the reliability block 
diagram. A system-level reliability study of 2 MW wind 
turbine system is analyzed and compared, considering whether 
the reactive power is supplied or not all year around. It is 
evident that the over-excited reactive power injection reduces 
the lifetime compared to no reactive power injection, while the 
under-excited reactive power slightly prolongs the lifetime. 
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